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1. GOURL SURVEY

During the period lst Novambor, 1961 to 31st October, 1962, work

has continued on the following proJects:

1. 1) Ponerti MAn3-Eleotzo M¶OMr

The method of gneralized product functions, developed in previous

Reports and publioations, has been extended in two directions. First. the

strong orthogonality oondition on the functions decribing differmt eleotron

groups has been relaxed, in the two-group case, and the oon.ueraes of

non-orthogonality are being investigated in detail, Secondly, it has been

shown that when one of the two group functions belongs to a finite subapace

of T•.lbert space (e.g, an antBsymmetrized orbital. product), the results easily

rediwe to tho3e of Sinanoglu and Szass. Some attention is now being given

to the determination of optimum pair ftuction& to describe paiv coxTelations,

Co the other Iand, the general case of tvo nor±-orthogonal groups I E

sufftacienly impoltant to merit fi\'ther development: it is of speoial

o[ip.rt•noo when the two eleotron groups (A and 73, iaxy) aon ro non-iinglot

states, for there is then a non-trivial spin-ooupling problen and this lies

at the root of theories of ferromagnetic and anti- ferrcmagnetic coupiing,

Considerable progress has been made in this area %nd it has been shovmn that

the I1eiaenberg coupling is the first term of a spin Hamiltonian rp1'etuenting

the interaction energy in powers of the spin scalar product S1 ASB

Actual applications of generalized product fuwtions are discussed

in other sections,
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3..2) Calculat ions- on -At CM8
+

Work on the sequenoe of berylliuw-like systens, LI,7 Be, B ,

has been concluded and a paper has been sulmitted for publication. The

ocaloulations suggest that the electronic stvuoture of atoms can be well

repreuented by a wave function of the formi:

where the various factors deswribe the K, L, I, .... sholls and may individ-

ually admit electron correlation. This work is fully describcd in Special

Technical Report OTR No. 1 (1st Sept. 1962).

1.3) Calculations on Molecules

Work on the NH 2 radical has been ooncluded :and papers are in

preparation for pubiication: the work hao already been deeoribed in det:Ld

in STR No. 2 (15th Sept, 1962), The calculations have been concurned

mainly with the spfin density, which determines the hyperfine ooiupling

constants, and a variety of methods have been employed. These include the

unrestricted Hartree-Fbck method (Oith and witihout spin projection to a

doubleL state) and the configuration interaction method referred to in

the Final Teohnical Report (30th Nov. 1961) on the previous contract,

Non-empirical calculations on small organic olnaculcs (e.g. fobial-

dehyde) are being continued, with a view to development of satisfactory

semi-empirical methods Ibr dealing with much larger molecules, both

saturated end unsaturated. This involves the detailed treatment of the

d electrons, and a group-funotion approach (each localized d bond

being a "2-electron group") seems to offer considerable promise. Owing to

•mc •r+.•ir.,•i• ir the values of many-c-ntre 2 -eluctron integrals, it haL
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beow neoessaz7 to start the systnawtio doveloJpment of integral programes

for eleotroncl om~putation. Progress has oonsequontly been sloy but when

all programmes a"e operating it should be possible tc _leal vexy rapidly with

a number of interesting moleOu~es.

An invcsti6ation c eotoric effoots in small zolcouleo is also

dwendent an the availability of integral valuon. The calculations have

,however been pressed to a point at ihich the main fwotors determinin

inter- and intra-moleoular rez.ulsions are beooming evident. In this

•o2k a simplified nodei., consisting of tvo hy•diogen molecules (repzi•sBiting

two neighbouring bonds) is being considered in great detail.

Finally, vrok on aproximate aelf-oonsistcnt field theory, as

applied to the qr electrons of oonjugated systems, hraj ocontinuod. One

notable odvanoe has been the devc1opmont of perturbatit-m methods which

prcsarwe scIf-consiatocy up to first ordor in the wave ibnotion (third

or)•.lo in the energy). '4ith such methoda, it is pozsiblo to define atom

and bond polarizabilities, analogous to those used in ]ivokel thbery, which

permit the discussion of substitution effects vrthi.n Lhe .fruwwork of a

self'oonsist(nt, many-eleotron thoory.

1.4) Electronic utation

Duripvn the poriod under revicw, much time ha been devoted to

programme develolmont. Prvgwrcea now incw de integral oomputation (so

far up to three oentroa only), matrix transibazations doscribing ohanrge of

basis a•e,, seif-oonaoistent field oalculations, and various steepest desoelit

and matrix t chniques., The "Mercuxy" computer used so far •ill shortly



be replaoad by the "Atlais" and the whol1e ocunputatiornal situiition has bad

to be roviowed. The Quantum Theory A-roup is to obtain its omi =all1

computer (131 1620), as a result of' generous support from the NA20 Resecazvl

Grants Programxe, and axrangcemonta arc being imde ibr use of' a much larger

machine (Laais3.h !ZIectrio "KDF 90i), olose to this University, iv!in

nocessary. Consequcntly,. prograwing vii11 proacntly be s¶7itohed fkm

"Autocode" to "Fortran" and ocnaiderable redevelopmcmt and roorganization

wvill be necessary.

W~ork Concluded or 12'ublishod 1st Tovj ' 2. - apst Oct., 192

1) Rbign C"urrents in Aromatio Moleculos. I. J. Mad1o: anC, r. W7c7eeny,

2) Pert'nbat ion Thoory for t hc -D-D~aoDnsity liatrix, Rl. ik,*Ieenyj,

.jjjs,_Rev., g.6, 1028.

3) Quantmz Organic Chemistry, Ri. IiV-Jeeny, Iup eCLm qý, (ii~nni.) 1961..

4)Bond-longth Alterna~tion in Heterocycl.ic Ribnrg !ystous, D., 7. Da~vies.

Nature., 02.

5) Confoxrazione 34olcculare (Ii Polimcri Linecari in Soluzi~ore, V. HMa~nsco,

La Scuala in Azione (Periodical of Ikhte Naizionalc Idrvoarburi, Italy.~v

6) An Empiricn.J Ilithod fbz' Calcul~ating, Bariciz~ to IntcrmaJ. Notat ion in

Sinplje 1L1oleculos. V, 14ajgnasco, Nuovo Cicionto A, 4ý25.

7) /Poly(ethylene oxi~de) in Solutiona, (C. !aoasi) and V. iMagnasco,, J. Pol~ymcr

ci-. , J-3., 977, (1962).

8) Tha. Density Matrix in Mexny-Bloctron q~uantun Mechanics 111II.

Applications to the berylliuxn atom and 4r-electron ions. R. :bV.7cc-.y

and B., T, Sut&Ucliff (Subaitt-ad ibr -ýroe. R),-.
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9) Spin Polarization EtfeOts in Paxrnagetic Moleculos, A CalJulation on

the MR2 Radical. R. 1,c`eony and B. T. Sutoliffe, Mol. P]wsics (to

be published) (See also S1R 11o. 2, 15t:i Sept., 21962).

10) Unrestricted Hartre.--bok Caloulzations on the NH2 Rndical, B. T. Sutclif:

(to be published) (Sea also STR No. 2, 15th Sept. 1962).

ii) 9 Stark Effect in lb%'rgen, E, Steiner, J. CIw-M. llys., 3, +454.

12) /ClasLaial ann Continuum Contributions to Polarizcbility and Frce

Constants, (17. Byers Bivviv and) E. Steiner, J. (hcn. Phys., 1'4, 61.

2. S=MurxyC i

In this 3ection we give full abstracts of recently published papors

and Special Technical Reports relating to work concluded during the period

1st Novemiber, 1962 - 31st October, 1962, along with more detaildc accounmts

cf i-rk still in progress. The w•rk in progr"ss rill be continued during

the contract period cwmencing Ist N1vonber, 1962,,

2. 2.) Wave Functions for Boevllium and 4.-EBectron Ions

The gru.u>-function method, and the fonxs o' the innor-shell and

outex-sholl functions, were sunmarized in the Rnal Týchnical Repoit

(.3th Novo.iber, 1961) on the previous oontraot; The wl2ole investigation has

nov, been described in detail in STR No. 1 (ist Scptcr-i;br, 1962) and a

paper has been submitted for publication. At this point, therefor&,, wte

cierely reoall the results for the boryllivxa atom, these being typYical.

Not peormbrned on oentrato
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The caleiulatod tortal energies (in Hcirtree atomic wmits), with and without

the restriction of strong orth1ogonality botricen inner and outer shells, wre

oooared belov., with tho results of' the onc*-detemi~nant oalculation (Slater

or'bitals) writh liartrec-Rbok calculations, vnd wiith thc virtually exat

va2lues obtained from wocceedingly large -varational calculat ions.

1Decerminant ig xT-F (rtlogonal Non- 0rthoL-,onal lixact

I f Groups j 1 ______

*-4,561-457 l. 611 Dj 614.

it iG aeon that mxioval of the strong orthogonal.ity receii'a~ent icads- to no

great impiroverjont of the group- function resul~ts, although it introduces

itramendous ruoimp1cations into the calculation. Vdis iz3 Lncouraging tnd

ler,03 Ztrj-,7Oe:' to the belief thatt SVstME3 vIn-th I-jart AirtO can 1)

acntiratol.;v cdosoribod by uaingr a~n antis3=ia~trized pMJuot of grou2- f£nctionr's

TI.he vari.-tional caluulation, in which each Lwou-ý is m-le sear-coonsin;tent, in

the tiel.n ptotioed by a.11 ather grounps, viaa found to bo 1:0i~h Convcwlie.nt

and rad. dl,; col-vcreat. The clo-ctron corrolation introduzcd within each

grotiup was investigated by calculating the -)air Atnction for Qlcotrcnes of

opnzosite ýil. n and cct!pdrrvj( this with the (unorrcf-ated) producrt ai~roximrtion..

The restdtcant "correlation hoics" (radial in the inner shell, anctular in

the outer shell) vierc polotted and di~scussin4.
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2.2) Ppin Density in the Mi2 iadioal

Calculations of the spin density., using a variety oI' methods and

approximations, have been fuolly reported in ST_ No. 2 (15th Sopt. 1962).

Hexre we briefly Puiarize thex methods and results obtained.

There are basioally t-io aiproaches (i) using, configuration inter-

aotion and (ii) using unrestrioted rutrec-14ck fIbnctions. All oalnulatians

were perfoxrned with two alternative choiuoes of orbital basis, Slater A0Ds

and nutuerical XF AiDs.

()Configtumt~on Interaction Calciulations

A wave function is oonstruoted along the linco of lkiker7y and Ohnol)

from the nitrogen orbitals is, 2s, 2 p , 2py, 2pr and the hydrogen orbitals

"I and h2. TMe valence orbitnis are Sohbmit orthogcxialized againzt the

nitrogem inner ehcall and thcn hybridizoa (roughly tri.,onally) so that two

h•,bridi, tI end t 2 . point dirwctly tc.arda the hyx',cn. (with orbialb u 11

h2 , the third being associated with the lone pair. The resulting orbitals

are then orthogonalized symetrically, wiong thanslvos, in order to provide

for the oonstrtotion of strong-,orthogonal fmunctiona fbz" the various electron

groups. The groups and the orbitals used in aescribing thew arc thcn au

Group jA jS on r 1 B 2  1 L (4mlir

Orthogonal AD' Ia 2pa 1 Is t1, hit 2 -' h2  t-3

Th.e bond orbitals empJoyod are
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Bi = oo06 t + sin9 hi (bonding) (i : 1,2)

BI = sin0 ti - cos a hi (antibcadinp)

The -ground state' of caoh bond is then described by

while the lowest triplet states are

Here ,0F is the spin ibrtction oorresponding to spin eigonvnlues s,m.

The triplet funotions of each bond may be ooupled vrith the odd eleetron to

give an emited doublet fuwticn fbr the whole molcoule and this mixes with

the ono-configuration grotud state, putting spin density into the bond. This

is the rechanism invoked by several authors (e.g. McConnell a,,d Chestnut ),
3)

which has been treated olsewhcel in a vary genercl way.

The ecperimentally obscTved quantity is the coapling constant J

whlich appears in the part of the spin Ikuailtonian linear in the nuwlear

spins, namely

This is related to the spin density at nucleus n by

Where Qn (l deniote the diagonao ela.aet (1ris 1) of evento• ). aluated

at nuwleus n.. If the eloctronio g factor is taken to be 2. 0023 and the
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spin density is measured in atomco units of vobumz"1, this becomes

J 400.12 gnQi( l) c/sec

The nuclear g vuluos assumed are•I

a(.oydroga) a 5.58540 gn (nitngoen) = 0;40357

and when these values axv used the results listed in Table 1 are obtained.

Table.1 GoelW'is 0onxtanjs (CI)

Slater M ' s SCF AOI e Exporniental

Nitrogen J 22,3 11, 5 14, 4.5 Ac/som

Hyityvgen J -38,8 -22,8 (,-) .352 Mc/scc

(ft) Vnruetrioted 1hrtree-17bCk CalcUations

In this appro.irmation the eleotrons are divided intc :n A -pin

group and a ,•--spin group, and vie tako

where p , arc usually antisytmetrized orbital produots. The s.Ain

dencity is simply

Q1 (1) = PV. 0) - r, (I)

whore, for excaple, P- (i) d•o•tus the diagonal eltnont of the spinloss
+ mdensity ,%ix~ii Pj(1;1) to? ei.eotrcans of espin +4• Tho va.riational n~thods
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for detemuinig k and FA (without orthogonality restriotions on the

orbital factors) are well known: they cocprise the "unrestricted Hartr~e--

Fock" approach. The oouplirg constants determined in this way are given

in Table 2.

Table 2g Pu22l2nr Gonstante (w?)

Slater t'I SCF I'DIs a Experimental

Nit rogm 75°2 39.4 14.45 No/aso

flylg "35.3 -25.0 H-) 33.52 No/soo

One rnmajor disidvantage of this approach is thnt the functions used

is not a pure doublet, and it is not yet clear how important the contAmination

by functions of highcr multiplicity may be. Another a-kward feature is the

"splitting" of the is core orbitals, Yhioh recognizes cloctrcr correlation

in the core (dereasing the variational energy) at the soe time as any

"-spin -xolarization". effects. Strictly tho two effects should be indepiendent,

and some of the core splitting (which appoars as the aiffereno: of two very

large quantities and is therefore difficult to calcu]a.te accuratoly) may in

fact by spurious. Nio modifications were therefore iuvcatigted: first:

the "freezing" of the core (cK and A eloutrons being given the same Is

orbital: and, socondl,,. projcvtion of the ono'confilLunation function to a

pure doublet state. The first modii~cation vms of limitod importance. But

the second yielded rather different results:



J(nitrogcn) =26.2 J(bidroew) = -16.7 (SOP PAO's)

The &.)in ocnftmLinLation by higher multipleta is therefov'e a~ verj; oexous

fh.otor, iTiAs contamination should of~ cour-se. be xrcwoove bef'ore the

va~riational oalcuilat ion but this leads to many diIfficulties. One great

advantage of~ the oon'igura~tion interactiorz method is thi-t theac diffioultioes

ax'c avoided from the start.t

1.) R. 1161feeny and K. Ohio., Proo. Rioy. Soo,, A 5ý 367, (1960).

2) If. M. MoConnell end D,. B. Chestnut, J. Chev~. Zl'iyu., L8, 10j, (1958).

3) R~. ýcVtleeny, EUroprint No. 57, Quantw. C rrmi~try Gr~oup, 'L~psalh Univeraity

(15tCh Nov, 1960) .

~) J. Pop).,a: 17. Sohncider and ii. 13crnlstoirl ~'1it"I -I~ tonro~~

Ragnetio RI oonaý"ce". kIbr; Hill, 3955ýý
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2,3) gr-omiotion Roaa5.o on a-n. )ioomales

Mo~oeny and Ono= have sotwn that in the case of the water molcouie the

results of WAO-20 SOF oalculations can easily be surxassed in owuracy

by using an antispmottised pru)dt of group Pmotions end inoluding GI

within caoh of these group fruwtions. The aim of the wait desoribed here is

to cotend these oalculations to other amll moleculcs and to investigate the

possibility of a seriempirical develorment which rould make the method

applicable to lazrer moleoules..

The starting point for these c alculations is a basis of orthogonal-

ized atomic orbitals, so choson as to cmphnsize the localization of c rbonds

and lone-pair electrons. The total wave function is then given by

w7here the two-elcotron Ibnotion desoribing a !ocrlizee d bond (R) is
R R R R R -R

= + 0262(1,2) + 3

With ~ jl2)

(13( 1(2)
vihere 01.Ol) 21{~(J

2 -ro Xb(Onl
Here stands for 2O!det foj(l) cx(1) Oj (2) /3 (2)3 and X.an X 4,

arve orthogonal AD'si on atom a and b respectively.
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The total electronio energy can then be written as

"'Y= "T- R + R

whero EXR in the total electronic enrgy of the system with group R

removed, while BR is the energy of group R in the field p.rovided by the

-est of the mol1oule. % is obtained by solving a 3 x 3 seoular equation,

the matrix elcments of whioh cn be derivud in the usual mny in terms of

1

and (ijIkl) f( O o . _(] s(2)dv dv .

hR(l) is the kinetic + potuntial nergy oprator. (1) and (1)

the Coulomo and exchange operator respectively (of. MciThony 2 ) Now Cij

wd (iJ kl) can be expresscd in tcans of the oorz ponline quantities %,,

and (ab lId) over AO' a Xa Xb etc.,, whore the o& s and s vc-a contain

N ,1'.
all interactions betwcen diffezvnt groups and 04azd($i arc- thc bare-

nuc-,,,,i quantitiesW, Ih~ )( ,dv and j J)( a h X( k~d-v

O~ ~% + Z I(aaluu) + (anlvv) -x(rAulau) .- ;(avlwar)]

+Y' I (Pal UU) - (&Jv1,v) -Mtaulau) + -ý(avj av)j

+, [•( 2(aal uv) (au(av)]}

S(ablu) (ablvv) u(au abn) +L n(avj nbv)

a and b dewotc hmerf the AD's )(Rand Rinvolved in bond R, u and v the
S S8 ý
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The paraxeters Xs and T are given in tems of the coefficients in equ. (2)

by

X 2 _(C5
TS= (r- 2- 1 Cý

YS represents the amount of ohazre transferred fran orbital v to orbital u

ig bond 8, Vherme )n is associatod with the otarge density within the

bond. This is evident from the one-body density matrix

which becomes, after integrating over the spin variables ind introducing

the quantities dv (1w) = xu(1) XCV(') etc.

_( + YS) d÷(1;1') + (I - S (l;i)

+ x (dSu,(1;1*) + d (1-1')(

Yc is atpcoted to be small for bonds of 1ow polarity, being determined

essentially by the difference of the eleotronegit ivities of the atoms

to alaich u and v are attcýohcd, whercoa sx4 is axc- tt-d to be close to

unity for localized bonds. (In fact, -)reliminary calculations for I 2G=0

show that IX 1= 0.97 ond Y,, = 0.08 fbr the CH bond; corTcspXonding values

for the 00 q bond being 0.o9. and 0.19, and fbr the i bond 0. 90 anr 0.08)

This analysis cv easily be extended to include conJujugted woiccules,

i.e. molecules which contain one groun of more than t\:o delocalized elcotrons

(r eleotrons). If we describe the fr electron g'oup Q as usual in .r electron

thcoriee by a one-deterjxinant wave Ibmction the Ws anC Ps in the cnergy

expression for this C roiU) are still given by equation (3). This shews

that the W's and P's defined in (3) are closely relatcd to the corrosponding.
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quantities in the somi-mpirical theoxies of iariser and Pari0) and DopleP,

whero the negleot of differential overlap and thG ap.)oximattion involved in

evaluating the Coulomb integrmls (aalbb) can be justiflod by assuming that

the basis orbitals are ort1ogonalized AO a (of. WMeen).1 . The present

formulation theroforo vuggests a rmy of calculating the u.,' s ctd is

in these thcoriee. This would be of intc•est for tazmple in estimating

the difforonoe betweer. the parotera for then nitrogen atom in

In the presence of a ir elootron group Q in the molecule, equation (3)

for the L's and a of the tvo-eleotron group R has -to be changea

into (?):

0+ ZI••+ {[Caaju + (caavv) - .•(u ..- ,avav)I
ct a 2 (~I v

+YS [ (anal u) -(aa I v) (- jauiau) + ava)

+X~, t2(na iuv) (au Iav)l

r 2(aaIrs) - (arlas~j
rs ra (3?)

f 3~ /~,+ >1 f(ab Iutý + (ab Ivy) - I-(a ulbu) -- (av Ibv) j

+Y, [(abiuu) - (ablvv) - .(auibu) + •-(ovIbv)]

+X, [2(abiuv) - '(aulbv) - ~avlbv)])

+ ZRr [2(ablrs) -(ctrtbra)1

Tho R-m•trix ie given in tcrma8 of the natrix ' of the v orbital IWAG-

coeflfcients by IR -TTt. This shows how - by treating all 6 bonds and lone

pairs as localized to-electron grou.*-- the scini-opiricdl theories of
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Poplo & Par'iser and varr oau be extended to includo the 6 electron

framework explioltly and to treat saturated comzpounds as well. One

possible my would be to caloulate all one-cloctron integretls rigorously

(this is quite feasible, beoausc the ene- and twio-cmntre integrals oan

be ovaluated in Olosed form, and the number of three-centro integrals

is rather limited) and to get the e 5 and ANs (ovcr orthoSonal hybrid

orbitals) by a syimetrical L&din orthogonalization. The tyro-electron

integrals, which are very numerous and the evaluation of' w'hich is very

time consiming, could then be approximated along the lines nuggestod by

PaiIser & Parr and Pople..

The fbnmaldehyde molaoule iias chosen as a first exarnaile to compare

various approximations with the exact group-funotion calculations outlined

above, largely because the integrmls over Slatcr orbitals are availablc

(Duný,iu et al0 ). I'rograz .es have been zr'itten and t ted

a) to generate the tranefox-r-ation ,=atrix v.-ich transforms the
original basis into orthzgonalized hybriet orbitals lomalized
in the bonds;

b) to transform the onc-felectron intcgrals;

c) to transform the two-electron intogr-it s.

d) to pe'rform the grour-Pmnotion calculation in on iterative- way
by solving the secular equation for ea- h .h roup in turn, starting
with Y=O and X = 1 ntil .-- oonaistcnuy is roached.

Several modifications of piogroine d) have been wzriticn to calculate caccitod

states and to treat thc ir eleotrons and the oxygem lone--xiir e1.ectrons

together as a foux'eleotron group etc. PiroZrwr-ics b) and c) are completely

general, a) and d) can be easily modifivtd and adaptci for thc Coalculation of

other moleculcs. No final results have been obtained so lhr, errors being
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suspected in some of tho intcgyrala listed by Duncan ut al. (Sme exchange

integr-als bcome- ncpativc o.Ctcr the trannibrmation to an ortx) i-,naJ. basis)

Some newv threc-contro intcgral.B aro alcn: r'equired in tmnnsobominjg- the- onc-

centre i~ntegrals to an orthogonal basio, Thc~c cancol each other in a rjolooulia'

orbital treatanzt and are therefbrt. not riven by Duncan. In nmoent months

the cnin cm-,hasis has theretorc bcan placed on the developn~cnt of computer'

programmes for tie evaluaztion of all molcoulz"a iritograls over Slat cr

orbitals. So fa~r progrrmnes for the evaluation of thi,; follo~in-.; intogials

havc boon vritten and are in vorking order:

(i) ono-centrc integxrals

(ii) two-oentre one- electron integrals3

(iii) t-wo-oontre Coulomnb integrals

(iv) twio-centre hybrid integral3jp

(v) three-centre ono clectron i~ntegrails

Px-o~rw-n. -a ( J) iollovs the atia2.ynis by BoY3"~ -~ogrc-:Les 'ii.) 3121 ~

-t-hait of llothaan~ >zgMMCE, (iv) in, (,v) use n,; Ln3 f, J ona1

nwearical intcgrz-ation (of. Magnusson =6d ..auliO)). The.. hrnei:t-Coul.sor

method 1)ie intended to be used for thrc ronaO.nin;,.Y in togi.ýcls, as %aell a3

for the threc-ecntrc onc-clectron inteorals uheýrc it io- hoped to be f'aster

than~ nutirical integration; Causs integriation using, :ýr C192 point latti~ce

(16 Poi±hts for' both variables y and r1 ,32 for' 1 )) gives only LM accuracy

to three figuras for a throo-oentrc onc volctron integral. and taikes apjr-ox-

1imatcly 12 m~in. TWo-dimensiona:I intogration using n net of 512 points give

a six figure aocunixcy in thc caso of hybrid integrals and t6akes ap-nroxinat ly

20 sec.
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2,4) Inter owm2 Intra-*!1e1ou1lr Interoaotions

The problem of tho intoraotion of two NJ noleculoji ir'. being

investirutod as a first stop in the study of' -ic ooaiplioated oyatemas

(e.g. CH3  CH? rmd Viie related problem of barriers to internal1 rotations).

3 3

The ~coo.,ot-r o2: the syste-z is illuotrated in Fi~ure 1. One molecule

ia 21xads thc ot~her ono ca.n rol at'e around the ac c-_.-Iz !eO-inr, Che

4½t-1ncce D = R accon tant, ite 7tpte of' internal. roli2t~in boain-

onecif'iod ýb~: an '-ng1e ) nconurod from the coplk;',ar nosition in -Iiioh

then'ol b,cl 1-:e on the cano -,dd -.:tit roenact 'o the line *Mininet

C~ie n~cJloi a,c- 0 6), R, V! th~e eqtuilibri,.'n inter--o I'c:Lor rliotanoo

of' a 12 noleclt).c in its r~o"wA. State ( . Our nai~n Interent in in

values of' D>> R. As a basise we u.~e 4 ratomic orbital-. w 'hioh

haýve the form.



i.e. ls-bydrogen-liU AO's oentrat on the nuoloe a,b,c,d. The symbol

1 stands for the twres spntial co-ordinato of eleotron 1. ra, is tho

distvoe of electron 1 -'rcm the nuolous a, nnd k is the usual screenine

constant. 17a ".ro studying tro different apprw^.o'os to this problom:

A) The onorgy approaoh.

B) The force fiela a.proach.

A) Th nr apoc

We assune that tio two systems A ad B (eack, uonoi~tix. oe twzo 11 nucloi

and t•,o eleotrons) =e appro dmnte!.y soep"rtr:ed, in the oence thnt the

sTxaticl pzrts oT the rmve functions deosoribin: the separatod nolocules

from ai qunntwin -eohanical point of vic. an not h,.ve an apnreciable

overIcn. The validity of this approximation !h been disctssod elsew'ere.1)2)

Lot us suppoae that A and B -re in their oleotonic Cround stnte an , nd
g

that wo o.n describe each of then2 b:- "Ileitler-London + ionic" Vave

function of the form:

~B(3,4){X (c tdCk) + X C C + \3 d4j1I &If]

where A and B are Induvidua.ly normaized. 'two construot the

0]



wave f'unction for the total1 iyateti in the form.-z

rhero 9 is n' normrizalntion factor and + is, fi prrtial antisy-m-otrizor,

so tii: t lj) is comipletely cntlayui.ju~rw wi~th, roopoct to the ol-nihanne of

ny i>~ir of oeletrwxs. 110 oan n't thio point Jictinr,-tiz'i botvieon tw:o

I) !!trang ort oronal c-ae.

II) flon-ortho,-onal~ case.

I) 'Arongor-Eiogonal case

re otart fromi an ortho-nor.ialized sot of' AO' 9

truiah may be obtained frcvwi the non-orthogonal sot =(a b c d) by

moanc oi' n syrmotrical ortioC~onalization: 3

tahere $P PJ~ is the 4 x 4 overilap mautrix In the basisj

W7e construct tAfrom ( )and fromn (~ . in t-his case the

canditiorwo of -tronj;-ort~or~oniiity holds:



The Hiamiltoniain for the systezn My bo wzritten aa:

2- 0

4-

-i

wihore tho aN-bola lw~vo --n obvio'.! ý.iocninj3 -nd atomic -ntis(a) rcud

throuchoiit. Tho cxpectation value -Lor the electronuic enerCjf is given 'byz45

A A B AB

where: A+A 
zIZ ~ r

c~~A jV){ A

I-K~ I (4~1,Z) Pl' (2 1) 1~I2 ud r.

A A
Here ±'1(±,) f,I42- ±2Z) are respectively the 1-body and

B, 8
the 2-body s-A-1e~s de -uity n'Itr1 ces for the sy~ton- A,p(.,) P2- (12.,'z~)

the same quanxtitips for the system B. Every term in tVie proneding
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expression for the onergy has a very simple piysioal neanine, I'or

computational purpoaes it is convenient to write the preceding eqw•:tion

in a nitr'x form as rollows,"

whore Itr' .eano "trace", rnd h and E are respectively the -. itrioes

collecting the I-electron and 2-electron inte~rcCla in tho basis ps

They are related to the non-orthoCronal basis p by the :itrix rolations 6 :

- t

IHere 1 is the h. x 4 w.trix of the i-electron intoeralo in the basis

San:-. .tV o 10 x 10 2-electron .. z-•rix in the saie iasio (tVac :atrix

ele:nren-l-s bo niG arranged in a dictionary order). r7hile this nethod is

vell -dacpted to r. calculation of the total electronic eneray (and easily

extonsible t) more conpliorted s:,,tenas), it does not a•lo' for atunkine

explicit,7 the dependence of the electronic ener•r on the rotation ancle 0,

II) Non-ortoG~oraol case

In Q1-is case we use a!- a basis the set:

pm pb c 8) .
The electronic interaction enerav is Givon by 7)

k



2 AB As A A+E

A~~~~ + AB" AB[. +.(EO+~
Ee --- -- AB

whiere the tom~e L~s~AB S" describe the, ýo called '"nenotration

eff'ects 1 a~uc to the overlap of the eloctron cloas - E 0Aand E0B

raprooen't in this case tho onereics if truly ze'par-.~'ted s, -oters A and B,

on(! -~re InOopendent on J. For 311f:~eicntly large veclues o-' D, thie

* recedinr- ent,"tion r-ay% bo wt.1it - good ap~proci- v.ti on re--irc-sentod b.:

-3)UA-iC; ihe ~Iulliken z-pproximation for evaluciti.nr, thle noloculr~r :ito~ranls,

Lz ~ind th-'t the total intex-,ction enorgy t!ýkcs the Corm

w~her'e r a R bd (au) - V iana3 f3 are contantit, f I (r) -nd f ar)-re ftinotions

involvinG polynonials in r. Because thie vnri-tion of f and 2wt

r is wnch mialler thon the exponential one*, '.;e can assi'mo f I(r) andf2 r

consstant with respect to 0 r~nd equal to ran c'vemrp valtie r, an2f,

So wie get the exrrossionz

E E +



This aprossion is closely sinilar to a preoeding relatiosahip found

•apirioally and whioh allowed to calculate the barrier to internal rotation

in ethone-like molooulos with a verj high degree of aocurwj". Caloulations

for different values of D and 0 using the exact equation are in progrcss

for testing the importance of different approximate wave functions and

the possibility of apDroximating the molecular integrals by tho Mlullikon

approximation8) and bipolar expnsionh0). Ior com.xnrison the exact

calculation of uulticcntre integrals by the available standard tacthodaII) 12)

is in progress.

B) The force field approach
SHlmn13) n1.

This approach is based on a theorcm due to Hellmann and rbylman', veioh

states that thc forc on a give.n nucleus in a noleaular syat,.i •s Juust the

classical elactrostatic Ibrco tf-t would be exerted on this nucleus by the

other nuclei and by the eleoctrons regarded as a static charge distribution

of density PI" Onco the el~ctron charge distribution has been dotn.iined

according to th-. mcthods of molecular ,luuntuo mechanics, the force on a

given nucleus in a molecule may be calculatud on a purely classical electro-

static basis. If A is thu exoectative value for the energy of a syutagm with

wave function 1 and Hamiltonian *, "I' may WritL.:

iE =f /Z46- d +(z~e 3
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because is honriitean. The sooond intoaral in the rigiit-1icmd side

vanishes idantica.Uy for a stationary state uihu.n Vis thlo Aao -,=vO iuntion

for the mystczm and oluo wihen V~ is a variation fiziotiori containing uuitablo

parameters.15 In the _;rcseut oase w~e uimif~y assumo, at first., that this

-termis Lsm~all compiared with the flirat.

In this ap. :loximitiont wo ~ thu f.jllowitk ox~xC30ion for' the

02C.?eotatiofl vulue of' Cie force Fe acting on the niu1kuio d:

bcoause the kinetic _ n,..rgj part of * does not do-.end on the, angle

An ins.cootion of the exjlioit form~ o1' tl;.: :.tmtial anoi;'& opom'torV hos~iv~

that ti~c only terms waich do-ijfld upon E) ara tho nucloar re,)ul.%on d

betwee0n the nuolei b,, d, and tlhý nucleue-eloctron attraction-

b(:

Fa1

r



lot us a&sme a system of oo-ordinates as that in Pire 2, and lot us

soperato tho frroe Fi in the part depending on tho nwulou-nwulous intos-

action and the part de=ending on tho noxlouo-eloZtron interiotion.

17o got OsiL7y:

Fez~ Rp n +- pe)

a ~ J 6r- (a J ý

The last czvrossion can be easil.y simplified introducing the 1-body apinles

density mtrix PI(1;1) for the whole systow

The evaltation of the expootation valuc for FP is redued to tho evaluation

of a oertain numbor of 1-electron moleoul2ar intograls involving 1-, 2-j and

3-oentro, and this may be oonv,.nientk,% 2 crfbmod by means of a numerical

integration in elliptical oo-ord.rnatcs.12" Oncoe p has bom evaluated for

given values of i , the enwef as a function of the anglo A can be

obtained by integration.
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"-Iork along thesec lines is in irogress for a ocpQarison botwecn the

two diffor..nt apurooohas.
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to

FTR on Contract 1-4. DA-9J.-591-:;UC-2D34. OI-26235-B

During the oontroaot V ,ract Dr, D). Davicas bao left the Group to

tako an a,<L.ointmcnt as Lcioturýr JAM TloarctIcal Oheriaitry at t~Univorf3ity or

Gxtrtqningn (Ne~therlands), Dr. B. T. Sutclii'ife has joined Cth.. Group at I..

(woricing ;yrith Profcasor iiarnctt), a ont! Dr. Asgar Ali has been at)poItntad

i-rof~easor of Phlysical OhemiwCtry at resd~xioycolig Oactuttva. Dr. !;rich

Stainer haa Joined the Group~ and it is~ jio-od that further a-ointmenta w~ll.

loý, mad dtlrinag the year.

A ro ughl o~tixiat(. of nan lhmur ex:,~ckdd on taic 1'3 joct, during, the

contract -jcri.od is:

Dr. A. Ali 2000 hiu-

Dr. J). W. Davie 2. 000 hi-s

Dr. M.{ Xevsuinger 2000 hi-s

Dr. V. :;amiafco 1800 hrs

Dr. .. ,. T.. Sutcliffk. 2000 hra

Principal Invcatig-ator 300 hi-s

Only one of' thoac a.ýpointwknts waa --rovidod wzholly at contract

axcnl- othora being maintained wholly or in aort frets othe;r 3O~rcL~s

(Follovishipa etc.), -No expnmdable rnatcrials vzera involvt;l aýjart gkovi those

includ~ed in overht4.da (stationary etc.) ana no imiort-ant x~oporty was

acquirod at direot ocantrat cxeno.
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Wuring the neut ooftraot period lat Novcaber 1962 - 31st Ooyober, 1963

it is hoped that four pieces of wr* wifl be oonoluded:

1) The invoestiantion of the intozootion between hydrogen oleooules, in a

varicty of apLroximationat and of its Implications in the theory of barrier

heights.

2) The oompletion of oomiuter p~rogrwamoa fbr oaloulations on small molecules,

with applications to foraldeiyde.

3) The derivation of the spin Hlamiltonian ivliioh rcpreomts the interaction of

two electronic systems in the powers of th• so4lIr )roduot of their snA,

up to tOZUs in (sAIs) 3

4) The 'nlculation of axwopriate self-oensiatent i-eleotron polariz'bilitien

for a number of simple oonjugatod molaouloo.

Long team projects oonaorned -Ath general many-elotron theory and

the correlation problem, and also •irth the developmient of ooa-duter progrczmeso

will of oourse oontinua.


